All relevant data are within the paper and its Supporting Information files. Python code with mathematical model and simulations is available at <https://gitlab.inria.fr/InBio/Public/efaecalis-ratio>.

Introduction {#sec001}
============

Horizontal gene transfer mediated by conjugative plasmids and integrative conjugative elements (ICEs) is a major cause of the rapid spread of bacterial antibiotic resistance \[[@pbio.3000814.ref001]\]. The process starts with a "mating" stage, which depends on contact through sexual pili or cell--cell aggregation proteins followed via a type IV secretion system \[[@pbio.3000814.ref002]\]. Importantly, expression of these conjugation determinants bears a significant fitness cost, reducing the host's growth rate, implying the existence of a trade-off between the horizontal and vertical modes of plasmid transfer \[[@pbio.3000814.ref003]\]. Indeed, across gram-negative and gram-positive bacteria, plasmid donor populations are generally in a constitutive "off-state," and only after induction by environmental factors or signaling molecules is conjugation activated \[[@pbio.3000814.ref004]\]. Also, a general feature of these systems is that only a few members of the population activate the response \[[@pbio.3000814.ref004]\]. This property suggests that antibiotic-resistant plasmids and ICEs naturally maintain a high proportion of vertical rather than horizontal transfer. On an evolutionary timescale, under constant low availability of plasmid recipients, plasmid variants with lower conjugation rates are expected to gain a fitness advantage by increasing their vertical inheritance through host proliferation. Contrary to that, evolution is expected to favor plasmid variants with increased conjugation rates under conditions of constant high recipient availability \[[@pbio.3000814.ref005]\]. Therefore, the optimal effort that a plasmid invests on horizontal spread depends principally on the social environment under which conjugation control evolved. However, the primary population parameters determining the potential donor--recipient encounter rates, i.e., the densities of donors and recipients, can vary dynamically at faster timescales through growth, dilution, and migration processes. Intuitively, then, plasmid variants able to dynamically monitor mating likelihood and regulate conjugation effort accordingly could evolve.

Antibiotic-resistant plasmids from *Enterococcus faecalis* are a major threat to public health \[[@pbio.3000814.ref006]\] because of the efficiency of their pheromone-sensitive conjugation systems \[[@pbio.3000814.ref007]\] and the multiplicity of resistances they can transfer, including those against the last-line antibiotic vancomycin \[[@pbio.3000814.ref008]\]. Plasmids from *E*. *faecalis* exhibit the capacity to sense recipient densities \[[@pbio.3000814.ref009]\]. In the pCF10 plasmid and its family members, this mate sensing is achieved with unidirectional signaling based on conserved peptide import--export systems \[[@pbio.3000814.ref010]--[@pbio.3000814.ref013]\]. This system is also no exception in terms of the cellular cost of conjugation, given the strong protein expression up-regulation that ensues. Indeed, efficient cell--cell aggregation in this system relies on the high abundance of the aggregation substance from pCF10 (Asc10) protein \[[@pbio.3000814.ref014],[@pbio.3000814.ref015]\], as well as on the expression of \>20 pheromone-regulated genes, including the ATP-dependent type IV conjugation machinery \[[@pbio.3000814.ref016],[@pbio.3000814.ref017]\]. Donor populations exposed to a given level of inducer also have the capacity to sort into responding and nonresponding cells---in this case, through a pheromone-dependent bistable switch at the transcriptional level \[[@pbio.3000814.ref018]\].

From an evolutionary perspective, sensing the presence of mates through selection for specificity ([Fig 1A](#pbio.3000814.g001){ref-type="fig"}, compare left and center panels) is straightforward to interpret because it avoids unproductive donor--donor interactions. Intriguingly, however, in the *E*. *faecalis* system, two antagonistic plasmid-encoded, pheromone-sensing systems control conjugation. These integrate information about the presence of potential plasmid recipients (mate-sensing) and about plasmid donors (self-sensing) ([Fig 1A](#pbio.3000814.g001){ref-type="fig"}, right; \[[@pbio.3000814.ref016]\]). Such integration is antagonistic, with recipient-produced cCF10 and donor-produced iCF10 pheromones causing activation and repression of conjugation functions, respectively ([Fig 1A](#pbio.3000814.g001){ref-type="fig"}, right). Such repressive self-sensing could effectively prevent self-aggregation and unproductive homophilic interactions at high donor densities, in which donor-produced leaky cCF10 ([Fig 1A](#pbio.3000814.g001){ref-type="fig"}) could accumulate to significant levels. Self-sensing is mediated by basal production of iCF10 during the growth of uninduced donors. This pheromone is essential for keeping the conjugation pathway inactive in donor populations, even if leaky cCF10 accumulates due to growth, as shown by saturated constitutive pathway expression in plasmids carrying a nonfunctional version of iCF10 \[[@pbio.3000814.ref019]\]. We rationalized that the combination of self-sensing and mate sensing could serve another function---namely, conferring to donor cells the capacity to perceive mate availability (ratio sensing) rather than mate concentration only (quorum sensing, \[[@pbio.3000814.ref020]\]). This could enable cells to respond specifically to the population composition ([Fig 1B](#pbio.3000814.g001){ref-type="fig"}). Intuitively, growth in liquid may increase the rate of accumulation of both cCF10 and iCF10 ([Fig 1B](#pbio.3000814.g001){ref-type="fig"}, right), but the effects produced by each could balance each other out, producing a response that remains insensitive to fluctuations in the degree of cellular crowding.

![Population parameter sensing in *E*. *faecalis* plasmid donors.\
(A) Possible topological structures of pheromone sensing in pCF10. Plasmids that perceive cCF10 pheromone (blue balls) from either donors or recipients (left) and consequently activate the pathway in proportion to the total population density (QS) are less efficient at mating than variants that minimize the production of endogenous cCF10 (center, MS). The present-day topological structure involves the presence of an antagonistic extracellular pheromone (iCF10, right). Pheromones cCF10 (blue balls) and iCF10 (red triangles) accumulate in proportion to recipients and donors, respectively. (B) The population parameter disentanglement capabilities of pCF10 might provide a function of iCF10; \[D\] (left), \[R\] (center), and \[R+D\] (right) are sensed differently by each one of the signaling schemes. Contrary to QS and MS, only the RS (green) scheme can distinguish specifically meaningful changes in recipient availability from simple fluctuations in crowding. (C) The mating system of *E*. *faecalis*. The pCF10 plasmid in donor cells encodes "mating" (preconjugative) functions involved in self-incompatibility (red), which allows avoidance of nonproductive donor--donor interactions in at least three ways. First, by Sec10 (encoded by *prgA*) activity, which minimizes interactions of the neighboring cell-wall--associated aggregation substance (Asc10, coded by the *prgB* gene) with LTA in the cell walls of other donors (not shown) by steric hindrance \[[@pbio.3000814.ref021]\] and keeps those interactions specific for the LTA in recipients (shown). Second, by *prgY*, which restricts production of the cCF10 pheromone (blue) \[[@pbio.3000814.ref022]\], a secreted product of the normal processing of a protein encoded by the *ccfA* gene, encoded in the genome which serves as the main cue used for activation. Finally, by secreting the iCF10 pheromone, which antagonizes the effect of cCF10 at the signal integration level (yellow) through competitive binding to the PrgX transcription factor. PrgZ is responsible for pheromone binding along with internalization by the native Opp system (gray) \[[@pbio.3000814.ref010],[@pbio.3000814.ref011]\]. In this study, the pathway's response was quantified by measuring Asc10-dependent phenotypes, such as adherence to surfaces and sexual aggregate formation, and by monitoring the expression of a GFP reporter cotranscribed with the *prgB* gene \[[@pbio.3000814.ref023]\]. The reporter's RBS (white box on transcript) is identical to that of *prgB*. Functions further downstream of *prgB* (including the conjugation machinery) are not shown. *ccfA*, cCF10 pheromone gene; \[D\], donor concentration; GFP, green fluorescent protein; LTA, lipoteichoic acid; MS, mate sensing; Opp, oligopeptide permease; Prg, pheromone responding gene; \[R\], recipient concentration; RBS, ribosome binding site; \[R+D\], total population concentration; RS, ratio sensing; QS, quorum sensing; Sec10, surface exclusion from pCF10.](pbio.3000814.g001){#pbio.3000814.g001}

Here, we demonstrate that density-robust ratiometric control over horizontal plasmid transfer allows antibiotic-resistant *Enterococcus* plasmid donors to estimate the conjugation likelihood in a cost-effective manner, maximizing their fitness. We further suggest that this mechanism robustly stabilizes the population composition in the long term in the face of variation in resource availability.

Results {#sec002}
=======

Ratiometric sensing of population composition {#sec003}
---------------------------------------------

To test whether cells are indeed capable of distinguishing population ratio from recipient density ([Fig 1B](#pbio.3000814.g001){ref-type="fig"}), we quantified pheromone-mediated induction of the pCF10 plasmid during sexual aggregation by performing donor--recipient coincubation experiments and measuring the gene expression response of the pCF10 mating--pheromone pathway using flow cytometry ([Fig 1C](#pbio.3000814.g001){ref-type="fig"}, [S1 Fig](#pbio.3000814.s001){ref-type="supplementary-material"}) in plasmid donors. For this, we used OG1RF(pCF10-GFP) donors \[[@pbio.3000814.ref023]\]---a bright green fluorescent protein (GFP) reporter strain of pheromone induction ([S2 Fig](#pbio.3000814.s002){ref-type="supplementary-material"})---to both distinguish fluorescent donors from autofluorescent recipients and to quantify the pheromone responsive gene (prg) *prgB* (encoding Asc10) expression in flow cytometry experiments ([S1 Fig](#pbio.3000814.s001){ref-type="supplementary-material"}). We resolved the dependency of the response on population parameters (composition and total density) across a wide range of values ([Fig 2A and 2B](#pbio.3000814.g002){ref-type="fig"}). We observed that ratio but not density causes activation of conjugation. This analysis showed that donor cells commit to strong Asc10 expression only when populations are recipient biased, and conversely, they suppress the response in donor-biased populations. Crucially, the fraction of donor cells that show detectable response levels ([Fig 2C](#pbio.3000814.g002){ref-type="fig"}) correlates with the result of mating assays ([Fig 2D](#pbio.3000814.g002){ref-type="fig"}) in the wild-type strain in which on the one hand, the mating efficiency reaches 100% (all donors mate once) at highly recipient-biased ratios and, on the other, remains constant within a 5-fold difference in the total population cell density, and sensitive within two orders of magnitude of population composition values.

![Population density robust ratiometric sensing in *E*. *faecalis*.\
(A, B) Response (mean GFP fluorescence intensity per cell) of plasmid pCF10 in populations with varying concentrations of emitter and donor cells at 2 hours after mixing and measured by flow cytometry (see *Flow cytometry*). The response of OG1RF(pCF10-GFP) donors is plotted as a function of the two essential population parameters, the \[R+D\] (A) and R:D ratio (B), each colored according to their counterpart parameter: green for the R:D ratio levels (A) and red for the total density levels (B) (data set shows seven independent experiments). (C, D) The fraction of early (1 hour) activated donors as a function of the R:D ratio from the data set in (A) and (B). Data were regularly binned (10), and the SEM was calculated (error bars). The dashed line is the basal value at R:D ratio = 0 (C). Mating efficiency (see *Mating experiment*) as a function of the R:D ratio at 2 (circles) and 3 (triangles) hours with total densities (OD600) of 0.1 (red) and 0.5 (blue). The underlying numerical data are shown in [S1](#pbio.3000814.s009){ref-type="supplementary-material"}, [S2](#pbio.3000814.s010){ref-type="supplementary-material"} and [S3](#pbio.3000814.s011){ref-type="supplementary-material"} Data. GFP, green fluorescent protein; R:D, recipient-to-donor; \[R+D\], total population concentration; OD, optical density.](pbio.3000814.g002){#pbio.3000814.g002}

Our results show that the fraction of donors that mate increases at recipient-biased ratios but remains roughly constant when the total density is varied. This result implies that when populations are donor biased, the activation of the system occurs in only a subset of cells during aggregation, consistent with the bistable model of pheromone induction \[[@pbio.3000814.ref018]\], and further shows that the donor population commits to conjugation only when in the minority and not at any specific recipient density, i.e., partner sensing is ratiometric and not densitometric.

Asc10 expression reduces vertical transfer of conjugative plasmids {#sec004}
------------------------------------------------------------------

Ratiometric sensing is reminiscent of the mating system of *S*. *cerevisiae*, in which the population's sex ratio allows cells to sense the degree of mate competition in the population \[[@pbio.3000814.ref024]\]. In yeast, A-type cells use sex ratio sensing to balance a trade-off existing between commitment to mating and clonal haploid proliferation. However, whether ratiometric sensing relates to the existence of a similar trade-off in *E*. *faecalis* is unclear. To test whether a trade-off between investment in conjugation and vertical plasmid proliferation exists in *E*. *faecalis*, we first estimated the initial pheromone concentrations that correspond to the stimulation range observed in the coincubation experiments. Shaken cultures of donors exposed to sufficient cCF10 concentrations tend to self-aggregate, i.e., \[cCF10\] \> 10 nM ([S3 Fig](#pbio.3000814.s003){ref-type="supplementary-material"}). Although a reduction in growth below 10 nM is detectable by optical density measurements ([S4 Fig](#pbio.3000814.s004){ref-type="supplementary-material"}), growth is difficult to measure precisely under shaking conditions, either with optical density or colony-forming unit (CFU) counts, as microaggregates are difficult to disperse. For this reason, we developed an assay to quantify growth in static cultures, in which self-aggregation is not aided by orbital shaking and the pheromone response is detected as Asc10-dependent surface attachment at cCF10 concentrations below pathway saturation ([Fig 3A](#pbio.3000814.g003){ref-type="fig"}). By quantifying growth under such conditions, we show that much of the growth impairment occurs at pheromone concentrations marking the transition point to surface adhesion and that such impairment increases further only at high, nonphysiological pheromone concentrations ([Fig 3B](#pbio.3000814.g003){ref-type="fig"}). At concentrations in the micromolar range, we observed a time-dependent decrease in the optical density at the highest cCF10 concentrations, consistent with pheromone-induced toxicity \[[@pbio.3000814.ref025]\]. Importantly, at concentrations lower than approximately 1 pM, cells accumulate as an easily visible dense precipitate that can be easily resuspended, unlike Asc10-expressing cells, which distributed homogeneously as a film in the bottom and remained adhered after resuspension ([Fig 3A and 3B](#pbio.3000814.g003){ref-type="fig"}). This allowed us to determine that the physiological range of sensing, defined as the pheromone concentrations within which cells can activate Asc10 and avoid self-aggregation ([S3 Fig](#pbio.3000814.s003){ref-type="supplementary-material"}), is roughly two orders of magnitude, consistent with the dynamic range of sensing on the recipient-to-donor ratio scale in coincubation experiments ([Fig 2B](#pbio.3000814.g002){ref-type="fig"}).

![Response to purified cCF10 is sensitive and costly.\
(A) A phenotypic assay for Asc10 activity (see *Adherence/growth assay*) showing the macroscopic appearance of static cultures of OG1RF donors carrying wild-type pCF10 or the pCF10-GFP Asc10 expression reporter \[[@pbio.3000814.ref023]\] after an overnight incubation with varying concentrations of purified cCF10. Unstimulated cells appear as a precipitate in the center of the microwell. Adhered cells appear as a film. (B) Time-resolved microwell horizontal spatial scanning (11 positions) of optical density in OG1RF(pCF10). The underlying numerical data are shown in [S4 Data](#pbio.3000814.s012){ref-type="supplementary-material"}. GFP, green fluorescent protein.](pbio.3000814.g003){#pbio.3000814.g003}

Our results show that a trade-off between vertical and horizontal plasmid transfer exists in *E*. *faecalis*. This suggests that, similar to budding yeast \[[@pbio.3000814.ref024]\], specifically controlling Asc10 expression according to the recipient-to-donor ratio (a proxy for the mating likelihood) could be selected by evolution. Such pheromone-induced fitness loss is likely due to mild pheromone-induced prgB-dependent toxicity, similar to previous observations in *prgU* knockouts \[[@pbio.3000814.ref025]\]. Using our assay, we show that wild-type pCF10 exhibits an approximately 20% maximal growth reduction, within the sensitive range of the pathway ([S5 Fig](#pbio.3000814.s005){ref-type="supplementary-material"}), whereas a *prgU* knockout is more severe at higher pheromone concentrations ([S6 Fig](#pbio.3000814.s006){ref-type="supplementary-material"}). Balancing the observed trade-off to maximize fitness might therefore be the primary role of ratio sensing.

Ratio sensing can increase plasmid fitness and facilitates donor--recipient coexistence {#sec005}
---------------------------------------------------------------------------------------

To understand the role that ratiometric regulation of conjugation has on plasmid fitness, we built a simplified dynamic model consisting of donor and recipient populations described by two coupled ordinary differential equations (ODEs).

Donor population (*d*) is governed by three dynamics: first, an irreversible second-order mass-action--like process that depicts horizontal plasmid transfer (conjugation), transforming recipients (*r*) to donors with a rate constant (*λ*~*conj*~), weighed by function *h*(*r*,*d*), which takes values between 0 and 1 and whose form depends on the strategy analyzed; second, a logistic growth law (i.e., vertical transfer), with maximal rate *λ*~*d*~ limited by the carrying capacity *K* and hindered by the cost of mating activation up to a constant c, as estimated from our experiments (c = 0.2; [S5 Fig](#pbio.3000814.s005){ref-type="supplementary-material"}); and third, an imposed constant dilution rate (*μ*): $$d^{\prime} = \lambda_{conj} \cdot h\left( {r,d} \right) \cdot d \cdot r + \left( \lambda_{d} \cdot \left( 1 - c \cdot h\left( {r,d} \right) \right) \cdot \left( \left. 1 - \frac{r + d}{K} \right) - \mu \right) \right. \cdot d$$ Likewise, recipients grow logistically with a maximal rate *λ*~*r*~, yet they are removed from the pool by dilution and upon conjugation: $$r\prime = - \lambda_{conj} \cdot h\left( {r,d} \right) \cdot d \cdot r + \left( \lambda_{r} \cdot \left( {1 - \frac{r + d}{K}} \right) - \mu \right) \cdot r$$

We assume that the presence of the plasmid burdens donor proliferation, i.e., *λ*~*d*~ \< *λ*~*R*~. Therefore, plasmid transfer decreases the fraction of recipients, and growth competition increases it. Using this approach, we compared four different strategies (*h(r*,*d)*): a strategy with constitutive activation (a constant value), a recipient-sensing strategy (a sigmoidal, Hill-type function of the recipient density), a population-sensing strategy (a Hill function of the total density), and a ratio-sensing strategy (a Hill function of the population ratio) (see *Mathematical modeling*).

In principle, such strategies may result in recipient or donor takeover or, alternatively, reach a nontrivial coexistence steady state (see example in [S7 Fig](#pbio.3000814.s007){ref-type="supplementary-material"}). We find that ratio sensing outperforms all other strategies, maximizing the donor population size at any carrying capacity (*K*) value ([Fig 4A](#pbio.3000814.g004){ref-type="fig"}). Furthermore, the estimated response sensitivity to recipient-to-donor ratio (*θ*, see *Mathematical modeling*; [Fig 2C](#pbio.3000814.g002){ref-type="fig"}), shows that the ratio-sensing strategy achieves the highest predicted plasmid fitness relative to other strategies with their own varying sensitivities ([S8 Fig](#pbio.3000814.s008){ref-type="supplementary-material"}). Interestingly, ratio sensing additionally prevails as the only strategy allowing coexistence to be maintained across a wide range of carrying capacity (*K*) values ([Fig 4B](#pbio.3000814.g004){ref-type="fig"}, [S8 Fig](#pbio.3000814.s008){ref-type="supplementary-material"}).

![Mathematical model of mating population dynamics.\
(A, B) Steady-state donor density (A) and donor fraction (B) for different sensing strategies as a function of the carrying capacity (*K*). The underlying numerical data are shown in [S5 Data](#pbio.3000814.s013){ref-type="supplementary-material"}. Python code with model and simulations can be found in <https://gitlab.inria.fr/InBio/Public/efaecalis-ratio>.](pbio.3000814.g004){#pbio.3000814.g004}

Discussion {#sec006}
==========

Here, we demonstrated that *E*. *faecalis* pCF10 plasmid donors perform ratiometric sensing, largely agnostic to changes in total density at the tested ranges of population parameters. In very diluted cultures below the tested density range, we expect ratiometric sensing to be unlikely because pheromone concentrations fall below the absolute threshold for mating activation. Additionally, although ratios could be recipient biased at these densities, the overall encounter probability is rather low, making ratiometric sensing unnecessary.

Ratiometric sensing was recently described for other binary populations, such as those composed of signal producers and signal "cheaters" in the PhrA-RapA-Spo0F signaling pathway in *Bacillus subtilis* \[[@pbio.3000814.ref026]\] and yeast mating types \[[@pbio.3000814.ref024]\]. In both cases, ratiometric sensing is achieved by cell density--dependent reductions in extracellular signal availability. In *B*. *subtilis*, the ratio of signal producers to nonproducers is sensed as a result of the role of population-wide signal internalization or "pumping in" (through the oligopeptide permease \[Opp\]) in depleting the available extracellular signal. The *E*. *faecalis* system uses molecular components homologous to those used in *B*. *subtilis* ([Fig 1C](#pbio.3000814.g001){ref-type="fig"}). However, two important differences between these systems suggest that the dominant mechanism for ratio sensing in *E*. *faecalis* relies on signaling rather than pumping alone. First, in the absence of functional iCF10, mating activation is constitutively high in *E*. *faecalis* \[[@pbio.3000814.ref019]\], making pheromone sensing impossible. Second, signal uptake is donor specific, which can reduce the capacity for ratio sensing by poor global uptake \[[@pbio.3000814.ref026]\], especially in recipient-biased populations. Ratio sensing through iCF10 could have become necessary as PrgZ-dependent, cCF10-specific uptake evolved, both sensitizing the pathway and making recipients comparatively weaker pumps. Despite this, pumping itself can indeed affect extracellular concentrations of both signals. We speculate that even though pumping can modify extracellular signal availability, its effects remain equal for both pheromones, leaving the pheromone ratio unaltered. Nevertheless, the exact relative contributions of signal depletion and iCF10 signaling in shaping the ratiometric response function remain to be uncovered.

Why would such ratiometric sensing evolve? Overall, our modeling results shows that ratiometric sensing is superior to competing strategies because it maximizes plasmid fitness. Our simulations show that ratio sensing maximizes donor concentrations at steady state by letting faster-growing recipients reach a certain fraction of the population before transferring the plasmid ([S7 Fig](#pbio.3000814.s007){ref-type="supplementary-material"}). Therefore, maintaining recipients as a substrate for spread seems more efficient than simply taking over and relying on a comparatively slower vertical spread, maximizing plasmid proliferation in the absence of antibiotics.

Overall, our results suggest that conjugation could in principle be altered externally as a possible therapeutic to artificially drive antibiotic-resistant cells to extinction.

Materials and methods {#sec007}
=====================

Bacterial strains and culture conditions {#sec008}
----------------------------------------

Bacterial strains used in this study are listed in [Table 1](#pbio.3000814.t001){ref-type="table"}. For gene expression quantification in coincubation (mixed-population) experiments, the OG1RF(pCF10-GFP) reporter strain was used as the donor \[[@pbio.3000814.ref023]\], and OG1RFSSp was used as the recipient cell. For mating experiments, strain OG1RF-GFP (expressing GFP constitutively, \[[@pbio.3000814.ref027]\]) was used as recipient, and the wild-type OG1RF-pCF10 was used as donor. In general, overnight cultures were grown in brain heart infusion (BHI) media and appropriate antibiotics, whereas MM9YEG \[[@pbio.3000814.ref028]\] semisynthetic media was used for day cultures, inductions, and coincubation experiments. The characterization of OG1RF(pCF10-GFP) as a useful reporter for coincubation experiments (see *Coincubation experiments* below) was done by comparing it to a 2-fold-dimmer wild-type GFP reporter strain OG1RF(pCF10-*prgC*-GFP) carrying a GFP downstream of *prgC* (a kind gift from Gary Dunny and Wei-Shou Hu).

10.1371/journal.pbio.3000814.t001

###### Strains used in this study.

![](pbio.3000814.t001){#pbio.3000814.t001g}

  *E*. *faecalis* strain    Description                                                                                                                                                                                  Reference
  ------------------------- -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------- ---------------------------------------------------
  OG1RF(pCF10)              Wild-type OG1RF carrying wild-type pCF10 plasmid.                                                                                                                                            \[[@pbio.3000814.ref029]\]
  OG1RF(pCF10-GFP)          pCF10 with a, RBS*prgB*-GFP construct located between prgB and prgC. The cassette disrupts the small *prgU* ORF[^1^](#t001fn001){ref-type="table-fn"}. Alternative name: OG1RF(pCF10-LC1).   \[[@pbio.3000814.ref023]\] and sequencing results
  OG1SSp                    Wild-type recipient.                                                                                                                                                                         \[[@pbio.3000814.ref030]\]
  OG1RF-GFP                 Wild-type expressing GFP constitutively. Alternative name is SD234.                                                                                                                          \[[@pbio.3000814.ref027]\]
  OG1RF(pCF10-*prgC*-GFP)   Wild-type pCF10 GFP construct located downstream of *prgC*.                                                                                                                                  Gift from Gary Dunny and Wei-Shou Hu

^1^This ORF was unknown at the time of publication of the referred work.

Abbreviations: GFP, green fluorescent protein; ORF, open reading frame; prg, pheromone responding gene; RBS, ribosome binding site

Pheromone stimulation {#sec009}
---------------------

The cCF10 (synthesized by Biocat) pheromone was dissolved in 100% DMSO. Serial dilutions of cCF10 were prepared in DMSO and then added to 96- or 24-well plates (costar) containing the test cultures at an equal optical density of approximately 0.1 using an adjustable-spacer multichannel pipet or a multichannel pipet. Stimulations have a constant final concentration of 0.1% DMSO (which does not affect growth) and 1% bovine seroalbumin (BSA, Sigma) to block peptide adhesion to surfaces. Reported pheromone concentrations are initial, as donor uptake modifies the extracellular concentration with time.

Coincubation experiments {#sec010}
------------------------

After day culture growth, donor and receiver strains were mixed at different ratios and immediately serially diluted in 24-well plates, sealed (Breath-easy seals, Diversity Biotech), and shaken at 37°C (Infors orbital incubator). Strain OG1RF(pCF10-GFP) harbors a GFP construct located downstream of *prgB* (\[[@pbio.3000814.ref023]\], [Fig 1C](#pbio.3000814.g001){ref-type="fig"}), which is inserted within the *prgU* gene, as determined by sequencing. This reporter shows a high output signal, which is crucial to distinguish populations from autofluorescent recipients ([S1](#pbio.3000814.s001){ref-type="supplementary-material"} and [S2](#pbio.3000814.s002){ref-type="supplementary-material"} Figs). Also, the strain does not mate efficiently, further allowing us to minimize the effects of transconjugants that may alter the recipient-to-donor ratio tested. The strain nevertheless maintains normal sexual aggregation and, importantly, remains sensitive in the same physiological range of pheromone stimulation as the wild type ([S2 Fig](#pbio.3000814.s002){ref-type="supplementary-material"}). To calculate the fraction of stimulated donors, we counted the stimulated donors ([S1 Fig](#pbio.3000814.s001){ref-type="supplementary-material"}, gate R1 plus gate R3) and divided it by the total number of donors, which is the total number of cells in the sample: \[gate R1 + gate R2 + 2×R3 (each event in R3 is a cell pair)\] multiplied by the donor fraction, which is a known variable ab initio.

Flow cytometry {#sec011}
--------------

Before quantification, homogenization of self-aggregates was done mechanically by pipetting up and down approximately 50 times using a multichannel pipet. Cultures were immediately diluted 4-fold, and sampling was performed quickly in a flow cytometer. Flow cytometry was performed in a Gallios instrument (Beckman Coulter) or a Fortessa HT (Becton Dickinson) with sample sizes of 10,000 to 1,000,000 cells. The fluorescence signal from GFP was acquired using a 488-nm laser for excitation and a 525/40 (Gallios) or a 530/30 filter (Fortessa) for emission.

Adherence/growth assay {#sec012}
----------------------

Cell densities in the absence of aggregates were reconstructed from spatially resolved OD600 measurements done on glass-bottom microwell plates (Corning) in a microplate reader (Tecan-Infinity, equipped with a monochromator) with an incubation temperature of 37°C, no shaking, and the "lid on" mode activated. The lid of the plate was kept on and sealed with punctured parafilm to avoid evaporation. Eleven positions within each microwell were acquired at regular intervals. After the experiment finalized, images were acquired with a SCAN 1200 colony counter. To avoid uneven illumination, only three microwells centered per picture were acquired.

Aggregation and turbidity assay {#sec013}
-------------------------------

Aggregation levels were determined in 24-well plates with shaking at 150 RPM at 37°C containing BSA 1% in MM9YEG \[[@pbio.3000814.ref028]\]. Quantification was done by measuring the optical density decrease in time ([S4A Fig](#pbio.3000814.s004){ref-type="supplementary-material"}). Aliquots were sampled near the liquid surface, touching the well wall with the pipet tip. The total turbidity loss ([S4B Fig](#pbio.3000814.s004){ref-type="supplementary-material"}) was determined by sampling the culture at the last time point in [S4A Fig](#pbio.3000814.s004){ref-type="supplementary-material"} after strong resuspension and an immediate dilution in MM9YEG.

Mating experiment {#sec014}
-----------------

Mating assays were performed by coincubating the wild-type OG1RF(pCF10) with constitutively fluorescent strain OG1RF-GFP \[[@pbio.3000814.ref028]\] for 2 or 3 hours under optimal conditions for aggregate formation, i.e., in 24-well plates (Costar) under orbital shaking at 150 RPM in a final volume of 1 ml in the presence of 1% BSA. Homogenization of macroscopic sexual aggregates formed during mating reactions was done mechanically by pipetting up and down approximately 50 times using an adjustable-spacer multichannel pipet (Rainin) set to half of the total reaction volume (0.5 ml) and immediately diluting the samples to the appropriate dilution. Dilutions were plated in BHI agar medium. When colonies achieved an appropriate size, a velvet colony replicator was used to stamp the colonies on BHI containing tetracycline (10 μg/ml) to select for donors and transconjugants (and, by plate comparison, identify recipients), which we further distinguished from each other by detecting GFP-positive colonies (transconjugants) in a transilluminator equipped with a camera (Biorad Chemidoc). The mating efficiency was calculated by dividing the number of transconjugants by the number of donors.

Mathematical modeling {#sec015}
---------------------

The different donor (*d*) strategies to sense recipients (*r*) were modeled with the Hill-type function *h*(*r*,*d*) varying between 0 and 1 as follows. For the ratiometric-sensing strategy $h = \frac{r^{\eta}}{r^{\eta} + \left( {\theta \cdot d} \right)^{\eta}},$ where *θ* is the recipient-to-donor ratio producing half-maximal activation and *η* is the Hill coefficient; for the mate-sensing strategy, $h = \frac{r^{\eta}}{r^{\eta} + {r_{50}}^{\eta}}$, where *r*~50~ is the recipient concentration producing half-maximal activation; for the total density-sensing strategy, $h = \frac{P^{\eta}}{P^{\eta} + {P_{50}}^{\eta}}$, where *P*~50~ is the recipient concentration producing half-maximal activation; and for constant activation, *h* = *a*, where *a* is a constant. Fixed parameter values for simulations ([Fig 4](#pbio.3000814.g004){ref-type="fig"}, [S8 Fig](#pbio.3000814.s008){ref-type="supplementary-material"}) are shown in [Table 2](#pbio.3000814.t002){ref-type="table"}. Coding was done on Python 3.7 with packages sympy 1.4, matplotlib 3.1.1, and scipy 1.3.1. The "BDF" method of the "solve_ivp" function was used to integrate ODEs.

10.1371/journal.pbio.3000814.t002

###### Fixed model parameter values.

![](pbio.3000814.t002){#pbio.3000814.t002g}

  Parameter   Value                       Origin
  ----------- --------------------------- --------------------------------------------------------------------------------
  λ~conj~     0.012 ml·cell^−1^·min^−1^   From \[[@pbio.3000814.ref019]\]
  θ           0.5                         Estimated from [Fig 2C](#pbio.3000814.g002){ref-type="fig"}
  η           4.3                         Estimated from [Fig 2C](#pbio.3000814.g002){ref-type="fig"}
  λ~D~        0.01548 min^−1^             From \[[@pbio.3000814.ref019]\]
  λ~R~        0.0201 min^−1^              From \[[@pbio.3000814.ref019]\]
  μ           0.012 min^−1^               Arbitrary
  *c*         0.2                         Estimated from [S5 Fig](#pbio.3000814.s005){ref-type="supplementary-material"}

Supporting information {#sec016}
======================

###### Identification of activated donors in mixed-population experiments.

(A, B) Scatter plot of pure donor OG1RF(pCF10-GFP) (A) and recipient OG1SSp (B) cell populations. (C) Example of a coincubation reaction of donors and recipients at a recipient-biased ratio. The mean single-cell intensity of donors was obtained from population R1. Population R2 corresponds to a mixture of autofluorescent donors and nonactivated recipients. Population R3 corresponds to donor--recipient pairs (and higher-order aggregates, i.e., events in R3 with higher fluorescence values than events in R1 \["tail"\] were not considered in the analysis). To estimate the fraction of activated donors ([Fig 2C](#pbio.3000814.g002){ref-type="fig"}), we considered the three populations and the known experimentally determined initial ratio in the calculation (see *Coincubation experiments*). (D) Histogram with GFP intensities from the data in (C). The underlying numerical data are shown in [S6](#pbio.3000814.s014){ref-type="supplementary-material"}, [S7](#pbio.3000814.s015){ref-type="supplementary-material"} and [S8](#pbio.3000814.s016){ref-type="supplementary-material"} Data. GFP, green fluorescent protein.

(TIF)

###### 

Click here for additional data file.

###### Fluorescent Reporter comparison.

Comparison of (OG1RF(pCF10-GFP)) (Δ*prgU*, increased output) and wild-type (OG1RF(pCF10-*prgC*-GFP)) cCF10 dose-responses. Error bars are SEM (*n* = 4). The underlying numerical data are shown in [S9 Data](#pbio.3000814.s017){ref-type="supplementary-material"}. GFP, green fluorescent protein. *prg*, pheromone responding gene.

(TIF)

###### 

Click here for additional data file.

###### Self-aggregate formation.

Orbital shaking--dependent macroscopic self-aggregate formation in OG1RF(pCF10) as a function of cCF10 concentration. The physiological (heterophilic) range of pheromone concentration required to induce detectable Asc10 expression lies below 1 nM cCF10.

(TIF)

###### 

Click here for additional data file.

###### Pheromone-dependent WT growth under shaking.

(A, B) WT (OG1RF(pCF10)) versus OG1RF(pCF10-prgC-GFP) reporter comparison in an aggregate formation assay (A) and postaggregate dispersion cell density measurement (B) (see *Aggregation and turbidity assay*). Note the increase in turbidity at 1 hour in (A), the time at which aggregation brings it back to the baseline. The underlying numerical data are shown in [S10 Data](#pbio.3000814.s018){ref-type="supplementary-material"}. GFP, green fluorescent protein; prg, pheromone responding gene; WT, wild-type.

(TIF)

###### 

Click here for additional data file.

###### Pheromone-dependent wild-type growth in static cultures.

Growth reduction in the physiological (sub-nanomolar) response range in growth/adhesion assays (see *Adherence/growth assay*). Error bars are SD of *n* = 3 independent experiments (colors). The underlying numerical data are shown in [S11 Data](#pbio.3000814.s019){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### PrgU suppresses excessive fitness costs associated with unproductive activation of conjugation.

(A, B) Growth/adhesion assay showing mean growth (per well) of pCF10 (A, from [Fig 3C](#pbio.3000814.g003){ref-type="fig"}) and pCF10-GFP (Δ*prgU*) (B). The underlying numerical data are shown in [S12 Data](#pbio.3000814.s020){ref-type="supplementary-material"}. GFP, green fluorescent protein; Prg, pheromone responding gene.

(TIF)

###### 

Click here for additional data file.

###### Example of simulated growth dynamics.

Representative example of a simulation showing the dynamics of (in this case) ratio-sensing strategy with different starting fraction of recipients and total population sizes. The underlying numerical data are shown in [S13 Data](#pbio.3000814.s021){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### 

**Ratio sensing maximizes donor fitness (top) and helps coexistence (bottom).** Strategy comparison showing extended simulations varying relevant parameter values for each strategy: activation level (*a*) for the constitutive activation strategy and sensitivity (half-maximal activation; P~50~, θ, and r~50~; see *Mathematical modeling*) for the rest. Each value is normalized by the maximum value observed within each *K*. The underlying numerical data are shown in [S14 Data](#pbio.3000814.s022){ref-type="supplementary-material"}.

(TIF)

###### 

Click here for additional data file.

###### CSV file containing the underlying numerical data for [Fig 2A and 2B](#pbio.3000814.g002){ref-type="fig"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file containing the underlying numerical data for [Fig 2C](#pbio.3000814.g002){ref-type="fig"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file containing the underlying numerical data for [Fig 2D](#pbio.3000814.g002){ref-type="fig"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file containing the underlying numerical data for [Fig 3B](#pbio.3000814.g003){ref-type="fig"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file containing the underlying numerical data for [Fig 4A and 4B](#pbio.3000814.g004){ref-type="fig"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file the underlying single-cell data for [S1A Fig](#pbio.3000814.s001){ref-type="supplementary-material"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file the underlying single-cell data for [S1B Fig](#pbio.3000814.s001){ref-type="supplementary-material"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file the underlying single-cell data for [S1C and S1D Fig](#pbio.3000814.s001){ref-type="supplementary-material"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file containing the underlying numerical data for [S2 Fig](#pbio.3000814.s002){ref-type="supplementary-material"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file containing the underlying numerical data for [S4A and S4B Fig](#pbio.3000814.s004){ref-type="supplementary-material"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file containing the underlying numerical data for [S5 Fig](#pbio.3000814.s005){ref-type="supplementary-material"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file the underlying numerical data for [S6A and S6B Fig](#pbio.3000814.s006){ref-type="supplementary-material"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file containing numerical data for [S7 Fig](#pbio.3000814.s007){ref-type="supplementary-material"}.

Time traces 1--8 correspond to lowest to highest initial densities in the legend of [S7 Fig](#pbio.3000814.s007){ref-type="supplementary-material"}.

(CSV)

###### 

Click here for additional data file.

###### CSV file containing the underlying numerical data for [S8 Fig](#pbio.3000814.s008){ref-type="supplementary-material"}.

(CSV)

###### 

Click here for additional data file.
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*ccfA*

:   cCF10 pheromone gene

CFU

:   colony-forming unit

GFP

:   green fluorescent protein

LTA

:   lipoteichoic acid

ICE

:   integrative conjugative element

ODE

:   ordinary differential equation

Opp

:   oligopeptide permease

ORF

:   open reading frame

Prg

:   pheromone responding gene

RBS

:   ribosome binding site

Sec10

:   surface exclusion from pCF10

10.1371/journal.pbio.3000814.r001

Decision Letter 0

Roberts

Roland G

Senior Editor

© 2020 Roland G Roberts

2020

Roland G Roberts

This is an open access article distributed under the terms of the

Creative Commons Attribution License

, which permits unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

21 Feb 2020

Dear Dr Banderas,

Thank you for submitting your manuscript entitled \"Ratiometric quorum sensing in Enterococcus faecalis conjugation\" for consideration as a Research Article by PLOS Biology.

Your manuscript has now been evaluated by the PLOS Biology editorial staff, as well as by an academic editor with relevant expertise, and I\'m writing to let you know that we would like to send your submission out for external peer review. IMPORTANT: We note that you have submitted this as a full Research Article, but we think that it would be better reviewed as a Short Report. No re-formatting is required, as your paper is already quite concise, but please change the article type to \"Short Reports\" when you upload your additional metadata (see next paragraph).

However, before we can send your manuscript to reviewers, we need you to complete your submission by providing the metadata that is required for full assessment. To this end, please login to Editorial Manager where you will find the paper in the \'Submissions Needing Revisions\' folder on your homepage. Please click \'Revise Submission\' from the Action Links and complete all additional questions in the submission questionnaire.

Please re-submit your manuscript within two working days, i.e. by Feb 25 2020 11:59PM.

Login to Editorial Manager here: <https://www.editorialmanager.com/pbiology>

During resubmission, you will be invited to opt-in to posting your pre-review manuscript as a bioRxiv preprint. Visit <http://journals.plos.org/plosbiology/s/preprints> for full details. If you consent to posting your current manuscript as a preprint, please upload a single Preprint PDF when you re-submit.

Once your full submission is complete, your paper will undergo a series of checks in preparation for peer review. Once your manuscript has passed all checks it will be sent out for review.

Feel free to email us at <plosbiology@plos.org> if you have any queries relating to your submission.

Kind regards,

Roli Roberts

Roland G Roberts, PhD,

Senior Editor

PLOS Biology
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19 Mar 2020

Dear Dr Banderas,

Thank you very much for submitting your manuscript \"Ratiometric quorum sensing in Enterococcus faecalis conjugation\" for consideration as a Short Report at PLOS Biology. Your manuscript has been evaluated by the PLOS Biology editors, an Academic Editor with relevant expertise, and by three independent reviewers.

You\'ll see that all three of the reviewers are broadly positive about your study. However, reviewers \#2 and \#3 raise a significant number of concerns, mostly involving your mathematical model and its relationship to the rest of the manuscript. These issues will need to be addressed before we can consider your manuscript further.

In light of the reviews (below), we will not be able to accept the current version of the manuscript, but we would welcome re-submission of a much-revised version that takes into account the reviewers\' comments. We cannot make any decision about publication until we have seen the revised manuscript and your response to the reviewers\' comments. Your revised manuscript is also likely to be sent for further evaluation by the reviewers.

We expect to receive your revised manuscript within 2 months; however, we\'re very aware of the current global problems caused by Covid-19, and are prepared to be very flexible about this time-frame. Please email us (<plosbiology@plos.org>) if you have any questions or concerns, or would like to request an extension. At this stage, your manuscript remains formally under active consideration at our journal; please notify us by email if you do not intend to submit a revision so that we may end consideration of the manuscript at PLOS Biology.

\*\*IMPORTANT - SUBMITTING YOUR REVISION\*\*

Your revisions should address the specific points made by each reviewer. Please submit the following files along with your revised manuscript:

1\. A \'Response to Reviewers\' file - this should detail your responses to the editorial requests, present a point-by-point response to all of the reviewers\' comments, and indicate the changes made to the manuscript.

\*NOTE: In your point by point response to the reviewers, please provide the full context of each review. Do not selectively quote paragraphs or sentences to reply to. The entire set of reviewer comments should be present in full and each specific point should be responded to individually, point by point.

You should also cite any additional relevant literature that has been published since the original submission and mention any additional citations in your response.

2\. In addition to a clean copy of the manuscript, please also upload a \'track-changes\' version of your manuscript that specifies the edits made. This should be uploaded as a \"Related\" file type.

\*Re-submission Checklist\*

When you are ready to resubmit your revised manuscript, please refer to this re-submission checklist: <https://plos.io/Biology_Checklist>

To submit a revised version of your manuscript, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' where you will find your submission record.

Please make sure to read the following important policies and guidelines while preparing your revision:

\*Published Peer Review\*

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. Please see here for more details:

<https://blogs.plos.org/plos/2019/05/plos-journals-now-open-for-published-peer-review/>

\*PLOS Data Policy\*

Please note that as a condition of publication PLOS\' data policy (<http://journals.plos.org/plosbiology/s/data-availability>) requires that you make available all data used to draw the conclusions arrived at in your manuscript. If you have not already done so, you must include any data used in your manuscript either in appropriate repositories, within the body of the manuscript, or as supporting information (N.B. this includes any numerical values that were used to generate graphs, histograms etc.). For an example see here: <http://www.plosbiology.org/article/info%3Adoi%2F10.1371%2Fjournal.pbio.1001908#s5>

\*Blot and Gel Data Policy\*

We require the original, uncropped and minimally adjusted images supporting all blot and gel results reported in an article\'s figures or Supporting Information files. We will require these files before a manuscript can be accepted so please prepare them now, if you have not already uploaded them. Please carefully read our guidelines for how to prepare and upload this data: <https://journals.plos.org/plosbiology/s/figures#loc-blot-and-gel-reporting-requirements>

\*Protocols deposition\*

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <https://journals.plos.org/plosbiology/s/submission-guidelines#loc-materials-and-methods>

Thank you again for your submission to our journal. We hope that our editorial process has been constructive thus far, and we welcome your feedback at any time. Please don\'t hesitate to contact us if you have any questions or comments.

Sincerely,

Roli Roberts

Roland G Roberts, PhD,

Senior Editor

PLOS Biology

\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*\*

REVIEWERS\' COMMENTS:

Reviewer \#1:

This manuscript focuses on defining the parameters and mechanism that allow plasmid-bearing antibiotic resistant cells to avoid being outcompeted in the absence of antibiotics. The authors evaluate several potential sensing mechanisms and conclude that ratiometric sensing of donor:recipient cells drives sexual behavior in bacteria. This is a well-executed study that report provocative results that should be of high interest to researchers studying sociomicrobiology and evolution. I also believe that the conclusions of this study are well-supported by the experimental data. I therefore recommend publication in PLOS Biology.

Reviewer \#2:

Banderas et al. present an interesting set of data on the function of the E. faecalis extracellular signaling system in the regulation of conjugation. A key finding is that the response changes a function of the composition of the population rather than by absolute cell density. This result is very convincingly demonstrated in Fig. 2. The authors also provide evidence that there is a trade-off between investing in horizontal versus vertical plasmid transfer as the induction of the pheromone pathway reduces the growth rate (Fig. 3). Finally, the authors present a model that could explain how ratio-sensing contributes to a stable equilibrium of donor-recipient ratio in the population based on a mathematical model (Fig. 4).

I found the MS interesting and thought provoking and generally feel that it could qualify as a Short Communication. However, I have a few remarks which should be considered.

Major comments

1\. Ratio-sensing and signaling architecture: The authors motivate their ratio-sensing hypothesis by highlighting specific features of regulatory architecture of the signaling system. In Figure 1 the authors propose that the ratio-sensing ability requires a) two signaling systems and they assume b) that the extracellular concentrations of both signals are proportional to the donor and recipient concentrations, respectively. These assumptions are not tested in the MS and they may not hold.

It seems important to point out that the investigated signaling system functions by means of a peptide-based export-import circuit (a wide-spread signaling architecture found in many G+ bacteria, Neiditch et al., Annu. Rev. Genet. 2017. 51:311-33, <https://doi.org/10.1146/annurev-genet-120116-023507> ). The authors do not mention/consider this aspect. However, this could be important to explain the phenomena observed by the authors. In a recent publication it was shown that export-import (or „pump-probe\" signaling systems) extracellular concentrations do not necessarily increase with increasing population density. Moreover, such systems are capable of ratio-sensing in mixed populations of producer and non-producer cells, when signals are taken up very efficiently compared to overall signal production in the population (Babel et al., Nat. Commun. 11, 2020, <https://doi.org/10.1038/s41467-020-14840-w>)

Hence, for ratio-sensing in E- faecalis conjugation, the second signaling system (assumption a) might in fact be dispensible and assumption b is by no means trivial and not necessarily to be expected. This should be considered/discussed. Please either provide additional data to support their specific model or more carefully introduce/motivate/discuss the ratio-sensing hypothesis adopting a broader mechanistic perspective of the overall signaling architecture.

2\. Stimulation experiments to support tradeoff model: Again, given the network architecture, in the stimulation experiments performed in Fig. 3 it is not obvious that the extracellular concentration is indeed the relevant biophysical quantity as the signals will be imported by the cells and activate an intracellular receptor. It might be the available dose of signaling molecules not the extracellular concentrations of signaling molecules present at the start of the experiment, which matters. This point will likely not affect the conclusions of the experiment, since presumably cell densities were initially all the same in all experiments. Thus variation in concentrations are equivalent to variation in dose. Nevertheless, this point should at least be mentioned or alternatively clarified experimentally.

3\. Role of prgU/mathematical model: Here I got confused how the tradeoff got linked to the model.

Looks like the authors caveat against the the tradeoff which they just demonstrated and then come up with an alternative hypothesis for the „function(?)\" of ratio-sensing. Please clarify. Also consider to replace the title „Mathematical model for conjugation dynamics\" by a statement that states the findings derived from the model. I was also confused by the intended message, is the coexistence a „function\" of ratio-sensing or a „consequence\"? The discussion then brings up the antibiotics for this part. The presentation of this part is sub-optimal and needs improvement for clarity.

Minor comments

4\. Check for typos in the text and the figures! e.g. Fig 1a. plamid/plasmid, simulation/stimulation

5\. \"monitoring the expression of a GFP reporter which is driven by a copy of

prgB\'s ribosome binding site (RBS) further downstream in the transcript\". Maybe reword to facilitate easier understanding.

6\. Fig. 2A/B. Please explain the color bar in the caption.

7\. Mathematical model: check consistency of notation for all parameters.

8\. „If 50 is however of an order of magnitude between those of (1 −/) and (1 -/), then the system behavior is not analysed here.\"

Please explain a bit more.

Reviewer \#3:

In this manuscript, Banderas et al. study the regulation of plasmid conjugation in the pathogenic bacterium Enterococcus faecalis. They show experimentally that conjugation is induced when the bacterial population is composed mostly of recipient (plasmid-free) cells, rather than when the overall population density is sufficiently high. Further experiments show that activation of conjugation is costly. The authors therefore argue that ratiometric control of conjugation mitigates this cost and ensures that donors only bear the cost of conjugation when recipients abund and the benefit of conjugation is high. Finally, the authors construct a mathematical model to study how the interplay between the costs and benefits of plasmid carriage affects the prevalence of plasmid-bearing cells in bacterial populations.

Overall, I find this work to be of high quality, novel and of broad interest. Ratiometric control of conjugation makes intuitive sense, and can significantly affect the dynamics of plasmid-born traits, such as pathogenicity and antibiotic resistance. Yet, I am not familiar with previous works discussing this mode of regulation and its implications. I do have major comments regarding the model as well as more minor ones, as detailed below.

Major comments

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

As formulated, the model is inadequate for its declared purpose - comparing conjugation regulation strategies. This is because the model only accounts for the constant cost of plasmid carriage and does not consider the cost of activating conjugation - a cost demonstrated in Fig. 3. Therefore, in this model activation of conjugation at any population density or composition can only be beneficial for plasmid spread. Indeed that is the case in the results shown in Fig. 4B, where ratio-sensing results in the lowest prevalence of donors.

Moreover, I found the modeling section to be misleading, and at odds with the rest of the paper. The conclusion of this section is that ratio-sensing is \"the only strategy allowing a robust co-existence of the two populations \[donors and recipients\]\". Since in previous sections the authors argue that ratio-sensing may be optimal for the plasmid in mitigating the demonstrated cost of conjugation, I initially took that conclusion to mean that ratio sensing prevents the extinction of donor, thus allowing co-existence of recipient and donors. However, the model results in fact show the exact opposite - ratio sensing prevents the extinction of recipients.

Since in this model ratio sensing is not beneficial to the plasmid which encodes the regulatory machinery implementing this regulation it is also not clear why such regulation would evolve. In the discussion, the authors argue that maintaining coexistence between carriers and plasmid-free cells may be beneficial to the population as a whole under intermittent antibiotic exposure. This is an interesting idea, and ratio sensing may be an evolutionary stable state under specific conditions. However, a simpler, and likely more robust mechanism for the evolution of ratio sensing is that it is directly beneficial to the plasmids that implement it.

Therefore, the model needs to be revised to include a cost for conjugation. I realize this entails some arbitrary modeling decisions and the addition of parameters to the model. However, I believe that any reasonable choice can dramatically change the behavior of the model, and make it suitable to address the question of when is ratio sensing favorable to the donors. Since this manuscript is being considered as a Short Report, a simple \"proof-of-concept\" model showing the benefit of ratio sensing for plasmid donors would suffice. Such a model would likely motivate subsequent more comprehensive dedicated modeling efforts.

Additional comments

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

\*The experiments demonstrating the cost of conjugation do not rule out the possibility of cCF10 toxicity. The claim would be significantly strengthened by additional experiments showing that plasmid-free recipient strains are unaffected by exposure to the same concentrations of cCF10.

\*I find it unlikely that conjugation regulation is insensitive to population density even at very low population densities, as stated in the text and implied in Fig. 1B. At low population densities, it would be unlikely for a donor to encounter a recipient even at a high R:D ratio. The current experiments demonstrating ratiometric regulation are all done in very high population densities (OD 0.1-1), therefore it is still unknown how conjugation is regulated at low population densities. I am not advocating that the authors conduct further experiments, since the novelty is in the fact that ratiometric regulation occurs at all. But, this caveat should be stated and discussed.

\*More information is required regarding the experiments shown in Fig. 3B. Data from how many replicates is shown? Or is it a single replicate per condition?

\*Additionally, the histograms to the right have some white dots in them. Is that an issue with the rendering?

\*I would replace Fig. 4A, with a heatmap showing the steady-state donor fraction as a function of initial total population size and donor fraction.

\*While arbitrary, the choice of nM units for the total population size \'K\' in panel B is unusual and confusing. Suggest replacing it with cells/ml.

10.1371/journal.pbio.3000814.r003
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16 Jun 2020

Dear Dr Banderas,

Thank you for submitting your revised Short Report entitled \"Ratiometric quorum sensing in Enterococcus faecalis conjugation\" for publication in PLOS Biology. I have now obtained advice from two of the original reviewers and have discussed their comments with the Academic Editor.

We\'re delighted to let you know that we\'re now editorially satisfied with your manuscript. However before we can formally accept your paper and consider it \"in press\", we also need to ensure that your article conforms to our guidelines. A member of our team will be in touch shortly with a set of requests. As we can\'t proceed until these requirements are met, your swift response will help prevent delays to publication. Please also make sure to address the data and other policy-related requests noted at the end of this email.

IMPORTANT:

a\) Please can you make your Title more accessible? Given the implications your results have for plasmid maintenance and transmission of antimicrobial resistance, etc., your current title may not attract readers that would in principle be interested in the conclusions.

b\) Please attend to my Data Policy requests further down.

c\) Please supply any custom code needed to reproduce your results, either as supplementary files, or by depositing on e.g. GitHub.

\*Copyediting\*

Upon acceptance of your article, your final files will be copyedited and typeset into the final PDF. While you will have an opportunity to review these files as proofs, PLOS will only permit corrections to spelling or significant scientific errors. Therefore, please take this final revision time to assess and make any remaining major changes to your manuscript.

NOTE: If Supporting Information files are included with your article, note that these are not copyedited and will be published as they are submitted. Please ensure that these files are legible and of high quality (at least 300 dpi) in an easily accessible file format. For this reason, please be aware that any references listed in an SI file will not be indexed. For more information, see our Supporting Information guidelines:

<https://journals.plos.org/plosbiology/s/supporting-information>

\*Published Peer Review History\*

Please note that you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out. Please see here for more details:

<https://blogs.plos.org/plos/2019/05/plos-journals-now-open-for-published-peer-review/>

\*Early Version\*

Please note that an uncorrected proof of your manuscript will be published online ahead of the final version, unless you opted out when submitting your manuscript. If, for any reason, you do not want an earlier version of your manuscript published online, uncheck the box. Should you, your institution\'s press office or the journal office choose to press release your paper, you will automatically be opted out of early publication. We ask that you notify us as soon as possible if you or your institution is planning to press release the article.

\*Protocols deposition\*

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <https://journals.plos.org/plosbiology/s/submission-guidelines#loc-materials-and-methods>

\*Submitting Your Revision\*

To submit your revision, please go to <https://www.editorialmanager.com/pbiology/> and log in as an Author. Click the link labelled \'Submissions Needing Revision\' to find your submission record. Your revised submission must include a cover letter, a Response to Reviewers file that provides a detailed response to the reviewers\' comments (if applicable), and a track-changes file indicating any changes that you have made to the manuscript.

Please do not hesitate to contact me should you have any questions.

Sincerely,

Roli Roberts

Roland G Roberts, PhD,

Senior Editor

PLOS Biology

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

DATA POLICY:

You may be aware of the PLOS Data Policy, which requires that all data be made available without restriction: <http://journals.plos.org/plosbiology/s/data-availability>. For more information, please also see this editorial: <http://dx.doi.org/10.1371/journal.pbio.1001797>

Note that we do not require all raw data. Rather, we ask that all individual quantitative observations that underlie the data summarized in the figures and results of your paper be made available in one of the following forms:

1\) Supplementary files (e.g., excel). Please ensure that all data files are uploaded as \'Supporting Information\' and are invariably referred to (in the manuscript, figure legends, and the Description field when uploading your files) using the following format verbatim: S1 Data, S2 Data, etc. Multiple panels of a single or even several figures can be included as multiple sheets in one excel file that is saved using exactly the following convention: S1_Data.xlsx (using an underscore).

2\) Deposition in a publicly available repository. Please also provide the accession code or a reviewer link so that we may view your data before publication.

Regardless of the method selected, please ensure that you provide the individual numerical values that underlie the summary data displayed in the following figure panels as they are essential for readers to assess your analysis and to reproduce it: Figs 2ABCD, 3B, 4, S1 (FACS), S2, S4AB, S5, S6AB, S7, S8. NOTE: the numerical data provided should include all replicates AND the way in which the plotted mean and errors were derived (it should not present only the mean/average values).

Please also ensure that figure legends in your manuscript include information on where the underlying data can be found, and ensure your supplemental data file/s has a legend.

Please ensure that your Data Statement in the submission system accurately describes where your data can be found.

\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\-\--

BLOT AND GEL REPORTING REQUIREMENTS:

For manuscripts submitted on or after 1st July 2019, we require the original, uncropped and minimally adjusted images supporting all blot and gel results reported in an article\'s figures or Supporting Information files. We will require these files before a manuscript can be accepted so please prepare and upload them now. Please carefully read our guidelines for how to prepare and upload this data: <https://journals.plos.org/plosbiology/s/figures#loc-blot-and-gel-reporting-requirements>
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REVIEWERS\' COMMENTS:

Reviewer \#2:

The manuscript has improved in clarity and my concerns have been addressed by the authors.

Reviewer \#3:

I thank the authors for their detailed response. All of my concerns have been addressed, and I am happy to recommend the this manuscript for publication.
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Dear Dr Banderas,

On behalf of my colleagues and the Academic Editor, Nathalie Balaban, I am pleased to inform you that we will be delighted to publish your Short Reports in PLOS Biology.

The files will now enter our production system. You will receive a copyedited version of the manuscript, along with your figures for a final review. You will be given two business days to review and approve the copyedit. Then, within a week, you will receive a PDF proof of your typeset article. You will have two days to review the PDF and make any final corrections. If there is a chance that you\'ll be unavailable during the copy editing/proof review period, please provide us with contact details of one of the other authors whom you nominate to handle these stages on your behalf. This will ensure that any requested corrections reach the production department in time for publication.

Early Version

The version of your manuscript submitted at the copyedit stage will be posted online ahead of the final proof version, unless you have already opted out of the process. The date of the early version will be your article\'s publication date. The final article will be published to the same URL, and all versions of the paper will be accessible to readers.

PRESS

We frequently collaborate with press offices. If your institution or institutions have a press office, please notify them about your upcoming paper at this point, to enable them to help maximise its impact. If the press office is planning to promote your findings, we would be grateful if they could coordinate with <biologypress@plos.org>. If you have not yet opted out of the early version process, we ask that you notify us immediately of any press plans so that we may do so on your behalf.

We also ask that you take this opportunity to read our Embargo Policy regarding the discussion, promotion and media coverage of work that is yet to be published by PLOS. As your manuscript is not yet published, it is bound by the conditions of our Embargo Policy. Please be aware that this policy is in place both to ensure that any press coverage of your article is fully substantiated and to provide a direct link between such coverage and the published work. For full details of our Embargo Policy, please visit <http://www.plos.org/about/media-inquiries/embargo-policy/>.

Thank you again for submitting your manuscript to PLOS Biology and for your support of Open Access publishing. Please do not hesitate to contact me if I can provide any assistance during the production process.

Kind regards,

Vita Usova

Publication Assistant,

PLOS Biology

on behalf of

Roland Roberts,

Senior Editor

PLOS Biology
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